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Abstract

The relief of the South Atlantic is characterised by elevated passive continental margins along southern Africa
and eastern Brazil, and by the bathymetric asymmetry of the southern oceanic basin where the western flank is much
deeper than the eastern flank. We investigate the origin of these topographic features in the present and over time since
the Jurassic with a model of global mantle flow and lithospheric deformation. The model progressively assimilates
plate kinematics, plate boundaries and lithospheric age derived from global tectonic reconstructions with deforming
plates, and predicts the evolution of mantle temperature, continental crustal thickness, long-wavelength dynamic
topography, and isostatic topography. Mantle viscosity and the kinematics of the opening of the South Atlantic are
adjustable parameters in thirteen model cases. Model predictions are compared to observables both for the present-day
and in the past. Present-day predictions are compared to topography, mantle tomography, and an estimate of residual
topography. Predictions for the past are compared to tectonic subsidence from backstripped borehole data along
the South American passive margin, and to dynamic uplift as constrained by thermochronology in southern Africa.
Comparison between model predictions and observations suggests that the first-order features of the topography of the
South Atlantic are due to long-wavelength dynamic topography, rather than to asthenospheric processes. The uplift of
southern Africa is best reproduced with a lower mantle that is at least 40 times more viscous than the upper mantle.
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1. Introduction

The South Atlantic Ocean exhibits asymmetric
bathymetry and topography. The bathymetric asymme-
try (Hayes, 1988; Marty and Cazenave, 1989) is partic-
ularly pronounced in the southern South Atlantic (Mor-
gan and Smith, 1992), with the deep Argentine Basin
on the western flank (e.g. Shephard et al., 2012) and
a shallow eastern flank, continuous with the anoma-
lously elevated African Plateau (Nyblade and Robinson,
1994). Continental crust is ∼ 30 km thick in the hin-
terland of both conjugate margins, yet it is covered by
∼ 1.5 km of post-rift sediments on the South Ameri-
can side while being eroded on the African side (Blaich
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et al., 2009). The topographic asymmetry of the South
Atlantic is characterised by the southern African and
Brazilian plateaus in the hinterland of two segments of
elevated passive continental margin (e.g. Japsen et al.,
2011).

Several models have been proposed to explain the
observed bathymetric asymmetry of the South Atlantic
Ocean that constitutes a deviation from the relationship
between depth and age of ocean floor (e.g. McKenzie,
1967). Morgan and Smith (1992) proposed that as-
thenospheric flow could explain the flattening of old
ocean floor, and attributed the asymmetry to differences
in asthenospheric flow due to the asymmetric migra-
tion rates of the South American and African plates
with respect to the deep mantle. In contrast, Doglioni
et al. (2003) proposed that a general westward motion
of the lithosphere with respect to the mantle results in
an eastward flow of the asthenosphere, such that the
eastern rift flank could be underlain by depleted, lighter
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asthenosphere, resulting in shallower bathymetry. Al-
though quite different, these models both propose a
shallow mantle origin for the topographic asymmetry
of the South Atlantic; they are also exclusively inspired
by and compared to present-day observations. Neither
of these models address the elevated passive continental
margins in South Africa and in Brazil nor the evolution
of the region.

Here, we investigate the effect of mantle convection
on the evolution of the topography of the South Atlantic.
We introduce Earth deformation models that consider
both mantle flow and lithospheric deformation. These
models are forward in time and progressively assimi-
late space- and time-dependent boundary conditions de-
rived from global tectonic reconstructions with contin-
uously closing and deforming plates. They predict the
evolution of mantle temperature, thickness of the conti-
nental crust, dynamic topography and isostatic topogra-
phy. This global approach makes it possible to investi-
gate the consequences of a given tectonic reconstruction
for the dynamic evolution of a passive margin at conti-
nental scale and over tens of millions of year, includ-
ing the post-rift phase. We implement two alternative
kinematic models for the opening of the South Atlantic
Ocean (Torsvik et al., 2009; Heine et al., 2013) and
compare the predicted crustal thickness for South Amer-
ica, where results are most contrasted, to continent-scale
Moho maps (Lloyd et al., 2010; Assumpção et al., 2013;
Chulick et al., 2013). The models are also compared to
present-day topography and bathymetry, and to an esti-
mate of residual topography (Winterbourne et al., 2009)
for the Atlantic. Furthermore, the predicted subsidence
history is quantitatively compared to borehole tectonic
subsidence, while the uplift history of southern Africa
is qualitatively compared to the unroofing history con-
strained by thermochronology (Flowers and Schoene,
2010; Zhang et al., 2012).

2. A numerical model of mantle flow and litho-
spheric deformation

We introduce a new generation of forward models of
mantle flow and lithospheric deformation with progres-
sive data assimilation. We first present the equations
solved for mantle convection and shearing of the litho-
sphere, and then describe the methods we use to ob-
tain compositionally-distinct continents in global man-
tle flow models, and to implement deforming areas in
global plate reconstructions.

2.1. Governing equations
We solve the finite-element problem of thermochem-

ical convection within the Earth’s mantle under the
Boussinesq approximation (e.g. Spiegel and Veronis,
1960) using CitcomS (e.g. Zhong et al., 2008) modified
to allow assimilation of data derived from global plate
reconstructions.

The conservation of mass is expressed as

∇ · u = 0 (1)

where u is the velocity. The conservation of momentum
is expressed as

−∇p + ∇ ·
[
η
(
∇u + ∇>u

)]
=

(
−αT + δρchC + δρphΓ

)
Ra g r̂

(2)

where p is the dynamic pressure, η the mantle viscosity,
> the transpose, α the coefficient of thermal expansiv-
ity, T the temperature, δρch the chemical density, C the
composition, δρph the density difference across a phase
change, g a depth-dependent, non-dimensional acceler-
ation of the gravity field, r̂ the radial unit vector and Ra
is the Rayleigh number defined below. δρch is is non-
dimensionalised and described in terms of the buoyancy
ratio

B = δρch/α0ρ0∆T (3)

with ρ0 the density and ∆T the superadiabatic tempera-
ture change across the mantle. Parameters are listed in
Table 1. The phase function (e.g. Richter, 1973) is

Γ = 1/2
[
1 + tanh

(
ρg(1 − r − dph) − γph(T − Tph)

ρgwph

)]
(4)

where r is the depth, dph and Tph are the ambient depth
and temperature of a phase change, γph is the Clapeyron
slope of a phase change, and wph is the width of the
phase transition. In order to investigate the effect on
dynamic topography of a phase change at dph = 670 km
(case TC6, Table 2), we use δρph = 7 % and γph = −2
MPa K−1 (Billen, 2008), wph = 40 km and Tph = 1667
K.

The Rayleigh number Ra is defined by

Ra =
α0ρ0g0∆Th3

M

κ0η0
(5)

where hM is the thickness of the mantle, η0 the reference
viscosity, and κ0 the thermal diffusivity.

The conservation of energy is
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cp
∂T
∂t

= −cp u · ∇T + ∇ ·
(
cpκ∇T

)
(6)

where cp is the heat capacity and t is time. The equation
for advection of the composition field is

∂C
∂t

+ (u · ∇) C = 0. (7)

The composition field, C, is represented by tracers
that are advected using a predictor-corrector scheme
(McNamara and Zhong, 2004). The composition field
is determined using the ratio method (Tackley and King,
2003), modified to give C = 0 if an element contains
no tracers. This modification allows us to considerably
limit the total number of tracers required to track com-
positionally distinct material in the uppermost and low-
ermost mantle.

Eqs. 1-7 are routinely used to solve the problem of
thermochemical mantle convection in a viscous shell.
They can also be used to solve for heat advection
and diffusion upon stretching of the lithosphere (e.g.
McKenzie, 1978; Jarvis and McKenzie, 1980), allow-
ing us to solve both problems simultaneously given suf-
ficient numerical resolution.

2.2. Data assimilation
Resolving the fully-dynamic, time-dependent prob-

lem of thermochemical mantle convection requires a
resolution of the order of a kilometre to capture the
physics of plate boundaries, including dislocation creep
and yielding (e.g. Stadler et al., 2010). Because time-
dependent, global models with such resolutions are still
prohibitively expensive, we instead progressively as-
similate boundary conditions derived in million year
(Myr) increments from global tectonic reconstructions
modified from Seton et al. (2012). These reconstruc-
tions use a hybrid absolute reference frame, based on
a moving hotspot model (O’Neill et al., 2005) for the
last 100 Ma, and a true-polar wander corrected paleo-
magnetic model (Steinberger and Torsvik, 2008) before
100 Ma.

Surface velocities are extracted from global recon-
structions with continuously closing plates (Gurnis
et al., 2012) and imposed as boundary condition in the
mantle flow models (Fig. 1A). These velocities are ex-
ported using GPlates (Boyden et al., 2011) and then
linearly interpolated for periods less than 1 Myr. We
use a half-space cooling model to build a global ther-
mal field of the lithosphere for each plate reconstruction
that we test. In addition to the age of the ocean litho-
sphere implied by the tectonic reconstruction, we use
the tectonothermal age of the continental lithosphere

(Artemieva, 2006) simplified to three age bins (Fig. 1A).
This global thermal structure of the lithosphere, assim-
ilated to a depth of 64 km, is merged with the dynam-
ically evolving temperature field (see Matthews et al.,
2011, for more details), except in areas that have under-
gone kinematically-imposed plate deformation (see be-
low). This progressive assimilation of the thermal litho-
sphere (Fig. 1B) allows us to limit the development of
Rayleigh-Taylor instabilities, and to control the surface
heat flux as well as the topography of rigid plates.

Finally, in order for our viscous simulations to cap-
ture subduction asymmetry and trench roll-back and
other aspects of subduction zones, we build a global
model of the shallow thermal structure of slabs based on
the location and polarity of subduction zones in the re-
constructions. The shallow thermal structure of slabs (to
350 km depth) dipping 45◦ in the mantle, derived from
the age of the subducting oceanic lithosphere, is merged
with the dynamically evolving temperature field at each
time step (see Bower et al., 2013, for more detail). In ad-
dition, we ensure that subducting slabs appearing during
the modelled period are progressively inserted into the
upper mantle, using the age of appearance and the con-
vergence defined for each subduction zone. The slab as-
similation attempts to minimise the difference between
the slab buoyancy flux in the upper mantle and that pre-
dicted by the plate reconstruction.

2.3. Model setup and initial condition

We solve the convection problem for the full shell di-
vided into 12 caps, each consisting of 128 × 128 × 64
elements for a total of ∼ 13×106 nodes. The average lat-
eral resolution is ∼ 50 km at the surface and ∼ 28 km at
the core-mantle boundary (CMB), and the average ra-
dial resolution is ∼ 45 km. Radial mesh refinement is
used to increase the resolution to ∼ 15 km in the top
boundary layer, ∼ 27 km in the bottom boundary layer,
while keeping a minimum resolution of ∼ 100 km in the
mid-mantle.

The viscosity depends on pressure and temperature as

η = η0(r) (1 + ηC C) exp
(

Eη

T ∗ + Tη
−

Eη

Tb + Tη

)
(8)

where η0(r) is a pre-factor defined for five layers: up-
per mantle (UM) above 160 km, UM between 160-
310 km, UM between 310-410 km, UM below 410 km,
and lower mantle (Table 2 and Fig. 2). η0(r) linearly in-
creases with depth in the lower mantle for cases TC7,
TC8 and TC9 (Table 2). ηC is the intrinsic composi-
tional viscosity pre-factor used for the chemically dis-
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tinct continents but not for the chemically distinct low-
ermost mantle; Eη is the non-dimensional activation en-
ergy, T ∗ = min (max (T, 0) , 1), Tb is the background
temperature of the mantle and Tη is an “activation” tem-
perature. We test different radial viscosity structures of
the upper mantle, transition zone and lower mantle (Ta-
ble 2 and Fig. 2). All cases were run using 96 proces-
sors, requiring ∼ 30,000 core-hours on the Sun Constel-
lation VAYU of the Australian National Computational
Infrastructure (NCI).

The initial condition, at 200 Ma, consists of a global
temperature field (Tb = 0.5) with cold slabs inserted
to a given depth (Fig. 1C and Table 2), and a cold sur-
face thermal boundary layer (Fig. 1B-C) as described in
Section 2.2. For subduction zones thought to have initi-
ated less than ∼ 50 million years before 200 Ma, slabs
are inserted to shallower depths assuming a sinking rate
of 5 cm yr−1 in the upper mantle and 1.2 cm yr−1 in
the lower mantle (van der Meer et al., 2009). We ap-
ply a kinematic and isothermal (Ts = 273 K) boundary
condition at the top surface, and a free-slip and isother-
mal boundary condition at the CMB. Initial tests with
Tcmb = 3098 K led to mantle plumes arising in areas
of passive mantle upwelling. Although loosely consis-
tent with geological observations, these mantle plumes
did not exactly match observed hotspot tracks nor the
location of large igneous provinces. In order to limit
the occurrence of such plumes that modify the long-
wavelength dynamic topography, we either (i) decrease
Tcmb to 2185 K in “cold” cases (labeled xCx in Table 2)
with a minimum temperature drop of 500 K across the
bottom thermal boundary layer (Lay et al., 2008), or (ii)
decrease Tcmb to 2685 K in “hot” cases (labeled xHx
Table 2) that include an initially laterally uniform 113-
km-thick layer of compositionally denser material at the
base of the mantle (∼ 2 % of the Earth’s mantle, see
Hernlund and Houser 2008, Tables 1 and 2) through-
out which the temperature decreases to the background
value following a half-space cooling model.

2.4. Global tectonic reconstructions with deforming
plates

We introduce global tectonic reconstructions that ac-
count for deformation at plate boundary zones, focusing
on the passive margins of the South Atlantic Ocean and
the Andes. Deformation is obtained by building on the
continuously closed plates formulated in GPlates (Gur-
nis et al., 2012). Deforming areas are restricted to de-
fined boundaries in time and space, and the deformation
and velocity field is interpolated between control points.
This method is to be fully described in a forthcoming
paper (Gurnis et al., 2013).

We implement two recently proposed kinematic mod-
els for the opening of the South Atlantic (Torsvik et al.,
2009, cases labeled Txx, and Heine et al., 2013, cases
labeled Hxx). The seafloor spreading history is largely
the same in both scenarios. They mostly differ in the
timing of rifting in the central and south segments (be-
tween 131-112 Ma in the reconstruction of Torsvik et al.
(2009), see Fig. 3A-C, and between 145-115 Ma in that
of Heine et al. (2013), see Fig. 3D-F). The kinematics
of deformation within southern South America also dif-
fer in these scenarios, with highly oblique extension in
the reconstruction of Torsvik et al. (2009) (Fig. 3A-C)
but deformation distributed around rigid blocks over a
large area in the reconstruction of Heine et al. (2013)
(Fig. 3D-F). To implement deformation along conju-
gate passive margins, we first define the landward and
seaward limits of extended continental crust. We re-
fine the continent-ocean boundary (COB) proposed by
Torsvik et al. (2009) based on the identification of bona
fide oceanic crust on seismic lines by Winterbourne
et al. (2009, Supplementary Figs. 1 and 2). We de-
fine the landward limit of extended crust to lie along
the landward edge of large horizontal gradients within
the upward continued Bouguer gravity anomaly (related
to regional changes in crustal thickness, Supplemen-
tary Fig. 1), and outboard of outcropping Paleozoic and
Precambrian geological units (Bouysse and Palfreyman,
2000, Supplementary Fig. 2). The magnitude and di-
rection of deformation within these regions is a func-
tion of the relative motion of the rigid plates either side,
and assume a constant ratio of the widths of the conju-
gate margins along small circles for the given Euler pole
(see Supplementary Section 1 for more detail). While
simplified from the complex margins of the South At-
lantic (e.g. Unternehr et al., 2010), this assumption of
uniform stretching of the lithosphere is appropriate for
the resolution and the physics of our large-scale geody-
namic model. Deformation within Africa and southern
South America is described by defining deforming re-
gions bounded by rigid blocks, and linearly interpolat-
ing the surface velocities within the deforming regions
from these bounding constraints.

Deformation is also implemented in the central An-
des between 45-0 Ma, following the reconstruction of
Arriagada et al. (2008, see Supplementary Section 1).
Although this deformation significantly postdates the
South Atlantic breakup, its implementation shifts the
central Andean margin by 500 km to the west prior
to 45 Ma, thereby influencing the evolution of mantle
structure and dynamic topography.

For each of the two South Atlantic reconstructions,
we develop a global reconstruction with continuously
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closing plates back to 200 Ma, and a set of input files
for the geodynamic models. The deformation is as-
similated into the geodynamic model via the velocity
field (Fig. 3G-H). While the velocity field is constant in
rigid South America, the smooth gradient in the deform-
ing passive margins imposes shearing of the continental
lithosphere in the geodynamic model (Fig. 3G-H).

2.5. Continental topography in global mantle flow
models

2.5.1. Modelling continents
We model continental isostasy based on the as-

sumption that an isopycnic depth exists at which ther-
mal and chemical buoyancies are compensated (Jordan,
1975). We consider three continental columns based
on tectonothermal age (Artemieva, 2006). Because the
thickness of the continental lithosphere is unknown in
the past, each lithospheric column is assumed to be
initially laterally homogeneous, consisting of 40-km-
thick continental crust underlain by continental thermo-
chemical lithosphere of thickness 250 km (Archean),
165 km (Proterozoic) and 135 km (Phanerozoic), as
suggested by global estimates (Artemieva, 2009). The
continental crust and three different types of continental
lithosphere are modelled using tracers of distinct buoy-
ancies (Eq. 3 and Table 1) that are defined in the ini-
tial condition (Fig. 1D-E) and advected throughout the
domain. The average number of tracers per element is
30. We include “ambient” tracers (representing back-
ground mantle composition) to 410 km depth to ensure
a smooth numerical transition from distinct tracers to
ambient tracers to no tracers. Likewise, we include a
150-km-thick layer of ambient tracers above the basal
boundary layer in the initial condition of the cases rep-
resenting a dense layer (HH1, HH2 and HH3, Table 2).
The lithospheric temperature field is assimilated in rigid
continental areas throughout the model run, but not in
deforming areas from the onset of deformation onwards,
in order to capture changes in topography associated
with the thermal equilibration of the lithosphere.

Because the initial topography is poorly known, we
scale the buoyancy of the different continental tracers
in order to obtain initially flat continents (Fig. 1F) with
Precambrian areas ∼ 3.5 km above ocean floor younger
than 2.5 Ma, as observed globally (e.g. ETOPO1,
Amante and Eakins, 2009).

2.5.2. Computation of topography
We compute two types of topography: “total model

topography” and dynamic topography. The “total model

topography” is obtained by re-solving the Stokes equa-
tion (e.g. Eq. 2) every 10 Myr but with a no-slip sur-
face boundary condition to avoid the surface traction
imposed by plate velocities that would result in a large-
amplitude signal interfering with the dynamic topogra-
phy. This “total model topography” includes the effects
of isostasy, mantle flow and thermal diffusion in the
thermal boundary layer. Surface dynamic topography is
computed in the same way, except with just the density
from the thermal and composition fields below 350 km
depth. Both topographies are obtained by scaling the
radial stress σ′rr on the top model surface following

h =
η0 κ

∆ρ g0 R2
0

σ′rr, (9)

where all variables are defined in section 2.1 and Ta-
ble 1, except R0 the radius of the Earth and ∆ρ, which
is the density difference between the shallow mantle
ρsm = 3340 kg m−3 and either air ρa = 0 or seawater
ρw = 1030 kg m−3. We load the total model topography
with water (Fig. 6D-F) by distributing a constant ocean
volume of 1.36×1018 m3 onto low lying areas, resulting
in air-loaded continents and water-loaded oceans. For
dynamic topography, air-loaded results are presented in
Fig. 6A-C to preserve smooth gradients. In other fig-
ures, dynamic topography results are water-loaded in
the oceans (Figs. 7 and 8A-D) and air-loaded in the con-
tinents (Fig. 8E).

Computed continental elevations are lower than ob-
served ones (Precambrian areas ∼ 3.5 km above ocean
floor younger than 2.5 Ma), because the assimilation
depth for the temperature structure of the lithosphere
(64 km) is much smaller than the keels of the Archean
provinces (250 km). We used two strategies to increase
continental elevations: (i) adding to the results a chem-
ical elevation correction hc = Bα∆T ∆Hc and a thermal
elevation correction ht = −0.539αTm ∆Ht, where ∆Hc

and ∆Ht are, respectively, the deviations between cal-
culated and target thickness of the thermal and chem-
ical lithosphere for Archean continents; (ii) restarting
cases TC1 and HH1 at the beginning of deformation
(150 Ma) with continental tracers conforming to the
boundaries and thickness of the tectonic provinces, and
an increased buoyancy of the continental crust (cases
TC1R and HH1R, see Table 2).

3. Contributions of mantle flow and lithospheric de-
formation to the evolution of the topography

Here we present the main results of our model: pre-
dicted temperature, thickness of continental crust, dy-
namic topography and model topography.
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3.1. Present-day temperature field

To assess the thermal state of the model, we anal-
yse the evolution of average CMB heat flux. Aver-
age CMB heat flux reaches equilibrium by 150 Ma for
case HH2, while appearing to oscillate with a period
& 160 Myr and within . 15% of equilibrium for other
cases (see Supplementary Fig. 3 and Supplementary
Section 2.1). These long period, low-amplitude oscil-
lations in CMB heat flux are deemed acceptable in the
context of comparing cold, transient anomalies in the
predicted present-day temperature field (Fig. 4A) to a
S-wave tomography model (Grand, 2002) for a cross-
section taken along a South Atlantic flowline at 45◦S
(Fig. 4B-C). We limit this comparison to cases with the
most contrasting viscosity structures. This cross-section
of the temperature field shows that the assimilation of
shallow thermal structure of slabs results in asymmet-
ric subduction, and in slabs that continuously extend to
mid-mantle depths under South America. Model slabs
are broadly similar across all cases, with the exception
of case TC5 that has much larger volumes of cold man-
tle. Slabs have sunk deeper for cases with smaller lower
mantle viscosities (notably cases TC8, TC9 and HC2),
as expected and reflected by the difference in the viscos-
ity structure for cases HH1 (Fig. 4C) and TC8 (Fig. 4D).

3.2. Evolution of continental crustal thickness

We compute the crustal thickness defined as the depth
to the deepest element containing at least two tracers
of crustal composition. Given the radial resolution of
∼ 15 km in the uppermost part of our model, results are
limited to six depth bins between 0 and 82.5 km.

The evolution of the thickness of the continental crust
for cases TC1 and HH1 (Fig. 5) reflects the different
timing of the opening of the South Atlantic between
the two reconstructions, with thinning of the continental
crust starting earlier in case HH1. The more distributed
deformation in case HH1 also results in smoother gradi-
ents in crustal thickness in southern South America and
in northern Africa (Fig. 5C-F).

The benefit of prescribing deformation is clear from
the extended continental crust offshore southern Ar-
gentina (to the east of well 14/05-1A, orange star on
Figs. 6C and F) for which the continental crust is thin as
expected for case HH1 (with prescribed deformation)
but not for case TC1 (without). Some smearing of the
compositional field is also observed north and south of
the prescribed South Atlantic deforming passive mar-
gins (Fig. 5C-F). Crustal thickening occurs at conver-
gent margins in the model (Fig. 5A-B-D-E), and tracers
are excluded within 350 km of subduction zones to limit

this effect. As a result, the implemented Andean de-
formation scenario (Arriagada et al., 2008) only gives
significant crustal thickening in the central part of the
Andes (Fig. 5C-F).

3.3. Evolution of topography
The model predicts the evolution of dynamic topog-

raphy as well as isostatic topography in the continents,
which is particularly relevant in deforming areas. The
evolution of the minimum dynamic topography shows
that following an initial transient phase from the initial
condition at 200 Ma, all models reach equilibrium be-
tween 150-140 Ma (Supplementary Fig. 4 and Supple-
mentary section 2.2). Fig. 6A-C and Fig. 6D-F respec-
tively show the evolution of air-loaded dynamic topog-
raphy and total model topography for case HH1R since
the beginning of modelled South Atlantic deformation
(150 Ma).

3.3.1. Evolution of dynamic topography
As expected, the pattern of dynamic topography

at 150 Ma (Fig. 6A-C) is characterised by narrow
strips of negative dynamic topography > − 1200 m
along the western Americas and southern Eurasia, and
a broad kidney-shaped positive dynamic topography
< 1000 m centred on central Africa. The dynamic
topography highs are broader than the dynamic topog-
raphy lows that correspond to passive return flow in
this subduction-driven model. The variation in ampli-
tude along subduction zones reflects the dependence of
slab buoyancy on the age of the subducting lithosphere.
The pattern and amplitude at 150 Ma (see Supplemen-
tary Animation) persists to present-day, although the
dynamic topography lows broaden. In particular, the
dynamic topography low along western South America
widens from ∼ 70 Ma (see Supplementary Animation)
as the trench rolls back and the continent overrides sub-
ducting material, as noted in previous studies (Shephard
et al., 2010; Husson et al., 2012). At present, only east-
ern Brazil remains on the edge of the dynamic topog-
raphy high centred to the west of southernmost Africa.
The location of this dynamic topography high and the
present-day east-west gradient in dynamic topography
across northern South America are consistent with mul-
tiple estimates of residual topography, and dynamic to-
pography models (Flament et al., 2013, and references
therein), although patterns and amplitudes vary between
estimates. The active Afar and East African upwellings
that appear in estimates of residual topography (e.g. Fla-
ment et al., 2013, and references therein) and in in-
stantaneous (Lithgow-Bertelloni and Silver, 1998; Gur-
nis et al., 2000) and backward advected models based
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on tomography (Conrad and Gurnis, 2003; Moucha and
Forte, 2011) are not predicted by subduction-driven for-
ward models (e.g. Ricard et al., 1993, and this study).

3.3.2. Evolution of total model topography
The total topography initially consists of isostati-

cally flat continents standing ∼ 3500 m above ocean
floor younger than 2.5 Ma (Figs. 1F and 6F). In the
oceans, the bathymetry deepens away from spreading
centres, reflecting the assimilated thermal structure of
the lithosphere (Fig. 6D-F). The long-wavelength dy-
namic topography results in a tilt of South America
to the west (Fig. 6D and E). As expected, rifted areas
show rapid initial subsidence (Fig. 6D and E) followed
by protracted thermal subsidence until the present-day
(Fig. 6F). The predicted present-day total topography
(Fig. 6F) mirrors crustal thickness (Fig. 5F) with high
elevations (thick crust) in the central Andes and low
elevations (thin crust) along the passive margins and
great African rifts. In addition, two broad low-lying ar-
eas are predicted in northwestern South America and in
northeastern Africa, and two broad elevated areas are
predicted in southern Africa and eastern Brazil. This
broader topography reflects the present-day dynamic to-
pography pattern (Fig. 6C).

4. Comparison of model predictions to geological
and geophysical data

4.1. Comparison to mantle tomography

The predicted present-day temperature field (Fig. 4)
can be compared to mantle tomography models that
are not used as input. A fully quantitative compari-
son of model prediction to a mantle tomography model
(Schuberth et al., 2009) is beyond the scope of this
topography-focused study. Instead, we carry out a
qualitative comparison by overlying the contours of
mantle 10% colder than ambient for selected cases on
the S-wave mantle tomography model of Grand (2002,
Fig. 4B). Our model slabs match the most pronounced
high-velocity seismic anomalies in the upper half of the
mantle along the flowline on Fig. 4B. A similar conclu-
sion can be drawn from the three alternative tomography
models shown in Supplementary Fig. 5, although high-
velocity anomalies extend deeper under Africa in these
models. Model slabs are also broadly compatible with
the structure of the lowermost mantle, as they do not lie
over the main low seismic velocity anomaly centred on
20◦E (except for cases TC5 and TC9). A similar conclu-
sion can be drawn from Supplementary Fig. 5 that also
shows that the longitudinal position and thickness of the

African Large Low Shear Velocity Province (LLSVP)
varies between tomography models. In addition, the
dense and hot layer included in cases HH1, HH2 and
HH3 limits the lateral spreading of lower-temperature
mantle at the core mantle boundary (Fig. 4B). The thick-
ness of this dense layer has quadrupled from 113 km to
∼ 500 km (dashed white contour in Fig. 4C) at a loca-
tion that is broadly consistent with that of the African
LLSVP, confirming that subducting slabs influence the
location of LLSVPs (Bower et al., 2013). The small
final thickness of the model LLSVP (∼ 500 km com-
pared to > 1500 km in the tomography, Fig. 4C) is likely
due to the short integration time (200 Myr) and to rela-
tively large density anomaly of the basal layer (+ 3.6%
or B = 0.5, Table 1). Hot mantle has also accumulated
over a thickness of ∼ 1000 km at a location consistent
with the location of the African LLSVP (Fig. 4D) for
case TC8 in which the lower mantle is isochemical with
depth-dependent viscosity (Fig. 4D).

4.2. Comparison to continental-scale crustal thickness
maps

Continental-scale crustal thickness maps (Lloyd
et al., 2010; Assumpção et al., 2013; Chulick et al.,
2013) do not show the deep troughs predicted in south-
ern South America for the cases based on our im-
plementation of the reconstruction of Torsvik et al.
(2009, Fig. 5C). Such sharp features should be captured
given the resolution of Moho maps for South America
(Lloyd et al., 2010), despite the uneven seismic cover-
age across the continent. This result suggests that recon-
structions implying distributed deformation in southern
South America (e.g. Heine et al., 2013) are more ap-
propriate to model the kinematics of the opening of the
South Atlantic. Since the choice of reconstruction does
not influence large-scale mantle flow and dynamic to-
pography, the difference between the prediction for each
reconstruction could have been estimated by a stand-
alone analysis of the finite strain they predict.

4.3. Comparison to present-day residual topography
and topography

4.3.1. Comparison between predicted dynamic topog-
raphy and present-day residual topography

We compare the predicted present-day, water-loaded
dynamic topography to the residual topography esti-
mated by Winterbourne et al. (2009, Fig. 10) along the
Atlantic margins and mid-oceanic ridge (Fig. 7A-C) and
to four independent computations of dynamic topogra-
phy (Ricard et al., 1993; Steinberger, 2007; Conrad and
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Husson, 2009; Spasojevic and Gurnis, 2012). Compar-
ison between this residual topography and dynamic to-
pography is not straightforward in the absence of a ref-
erence level in the calibration between gravity and resid-
ual topography (admittance) proposed by Winterbourne
et al. (2009), and because of the dependence of dynamic
topography amplitude on the boundary conditions (Tho-
raval and Richards, 1997) and depth for which it is cal-
culated. For instance, calculating dynamic topography
for a free-slip, rather than a no-slip surface decreases the
predicted amplitude (dashed black line for case TC1 in
Fig. 7A-C), and resulting in less pronounced gradients.
Predicted trends and amplitudes are similar across all
modelled cases, and gradients are most pronounced for
cases TC4, TC5, TC8 and TC9 (Supplementary Fig. 6).

The fit between residual topography and dynamic to-
pography is overall relatively poor for the five models
considered. The residual topography presents higher-
frequency variations than instantaneous models based
on tomography (Steinberger, 2007; Conrad and Hus-
son, 2009; Spasojevic and Gurnis, 2012) and in turn
than time-dependent forward models (this study; Ri-
card et al., 1993). As expected, results for case TC1
with free-slip boundary conditions are most similar to
the results of Ricard et al. (1993). Trends in residual
topography along the American margin are broadly re-
produced by all models (Fig. 7A), but estimates along
South America tend to be too large for forward models,
and too negative for the model of Steinberger (2007).
The prediction of instantaneous models compare bet-
ter to residual topography along the mid-Atlantic ridge
and the African margin, especially in the south where
the dynamic topography predicted by forward models
exceeds the estimated residual topography (Fig. 7B-
C). Overall, the dynamic topography predicted by the
models of Conrad and Husson (2009) and Spasojevic
and Gurnis (2012), both based on S-wave tomography
model S20RTS (Ritsema et al., 1999) present the least
deviation to the estimated residual topography, but they
also present the smallest variations in amplitude and do
not capture shorter wavelength variations in residual to-
pography. The model of Steinberger (2007), based on a
weighted average of S-wave tomography models, cap-
tures some of these shorter wavelength variations (at
∼ 40oN, Fig. 7A, and at ∼ 5oN, Fig. 7C), but it sig-
nificantly deviates from the estimated residual topog-
raphy along the South American passive margin, be-
tween ∼ 15-30oN along the Atlantic ridge (Fig. 7B) and
between ∼ 10-20oS along the African passive margin
(Fig. 7C).

We suggest that including active upwellings in fu-
ture forward models would change the distribution of

dynamic topography highs and reduce the offset in
amplitude between dynamic topography predicted by
such models and positive residual topography. In ad-
dition, the buoyancy of the passive thermal upwelling
below southern Africa could be partially offset by com-
positionally denser material, extending from the core-
mantle boundary to ∼ 1200 km depth in the lower man-
tle (Simmons et al., 2007). In principle, an inversion
could be carried out to find a set of boundary conditions
and mantle viscosity structure that reproduces the resid-
ual topography estimated by Winterbourne et al. (2009).
This inversion would be best suited for instantaneous
mantle flow models, and it would still be limited by the
absence of a reference level for the admittance. Con-
trary to the model presented herein, such instantaneous
models could not be used to investigate mantle flow, let
alone lithospheric stretching, as far back as the Creta-
ceous.

4.3.2. Comparison between predicted total model to-
pography and present-day topography

We next compare the present-day total model eleva-
tion predicted by our model to the one arc minute global
relief model ETOPO1 (Amante and Eakins, 2009). In
the ocean, we plot the filtered bathymetry along a flow-
line at 45◦S. The shallowest part of the ridge is set as
datum for both the model and the observation. Mod-
elled and observed bathymetry both display a marked
asymmetry (Fig. 7D) with the eastern flank of the ocean
∼ 1000 m shallower than the western flank. Since
the bathymetry associated with the cooling of the litho-
sphere is assimilated via a half-space cooling model, the
asymmetry is primarily controlled by dynamic topogra-
phy. The model bathymetry is steeper than observed
(Fig. 7D), which could be due to model vertical reso-
lution (15 km in the lithosphere). We nevertheless at-
tribute the South Atlantic bathymetric asymmetry to the
whole mantle process of long-wavelength, subduction-
driven dynamic topography (Fig. 6C), in contrast to pre-
vious asthenospheric models (Morgan and Smith, 1992;
Doglioni et al., 2003). In this respect, it is worth noting
that the asymmetry predicted for case HH3 is less pro-
nounced than that predicted by case HH2 that is identi-
cal except for a low-viscosity asthenosphere. Indeed, a
low-viscosity asthenosphere leads to reduced amplitude
of dynamic topography (Supplementary Fig. 6). The
anomalous depth of the Argentine Basin has previously
been attributed to mantle flow (Shephard et al., 2012).

On the continents, the location of predicted broad el-
evated areas (Fig. 6F) matches the location of the south-
ern African and Brazilian plateaus (dashed black out-
lines in Fig. 6F): our model also predicts the two seg-
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ments of elevated passive continental margins observed
in the South Atlantic (Japsen et al., 2011). To quan-
titatively estimate how well these two elevated passive
continental margins are predicted, we compare the pre-
dicted and observed difference in elevation between the
Kaapvaal (yellow outline in Fig. 6F) and São Francisco
(green outline in Fig. 6F) cratons in Table 2. Both of
these cratons, in the hinterland of the elevated conti-
nental margins, present relatively large mean elevations
(∼ 1020 m for the Kaapvaal Craton and ∼ 610 m for the
São Francisco Craton). Keeping in mind that both ob-
served and modelled topographies are noisy, the Kaap-
vaal Craton is predicted to be more elevated than the
São Francisco Craton in all cases (Table 2). The differ-
ence in elevation predicted by the model is larger than
observed, which again suggests that the lower mantle
could be chemically denser than average under Africa.
Indeed, the elevation difference predicted by cases HH1
and HH2, that include chemically dense material in the
lowermost mantle, is closer to the observation. The pre-
dicted elevation difference also decreases with the vis-
cosity of the lower mantle, and when a phase change is
considered (Table 2).

4.4. Comparison to geological proxies of tectonic sub-
sidence and rock uplift

We compare modelled topography to tectonic subsi-
dence in subsided areas (South American passive mar-
gin, Fig. 6A-C) and to thermochronology results in up-
lifted areas (southern African plateau, Fig. 6A-C).

4.4.1. Comparison to tectonic subsidence
The total predicted model topography is directly

compared to borehole data from four wells on the South
American passive margin that were not used in recon-
structing the deforming plates (Supplementary Section
1) and are therefore fully independent. Wells in the
Bahia Sul, Espirito Santo, and Santos basins were back-
stripped by Chang et al. (1992) assuming local isostasy,
constant sea level, constant paleobathymetry, and ex-
trapolating the stratigraphic record to basement based
on seismic reflection information (the first segment of
the tectonic subsidence is shown as a dashed line in
Fig. 8A-D). In the North Falkland Basin, we compare
our results to the tectonic subsidence of well 14/05-1A
backstripped by Jones et al. (2004).

The uncertainty associated with paleobathymetry is
small for well 14/05-1A, except between ∼ 95-85 Ma
when it reaches ∼ 100 m (Jones et al., 2004). Tectonic
subsidence can at best be determined within a few tens
of meters because variability in lithology and associated

porosity result in decompaction uncertainties. There are
also uncertainties associated with the biostratigraphic
ages, so that the age is usually determined within a few
million years, although it is ± 10 Myr for the early sec-
tion of well 14/05-1A (Jones et al., 2004).

Given these uncertainties and the resolution of our
global model, the agreement between water-loaded total
model topography and tectonic subsidence (Fig. 8A-D)
is good. First, the model captures the dynamics of rift-
ing expected for pure shear of the lithosphere (McKen-
zie, 1978): initial rapid tectonic subsidence during the
rifting phase followed by a protracted phase of tectonic
subsidence associated with thermal thickening of the
lithosphere. The amplitude (timing) of both the rift-
ing phase and the thermal subsidence phase are pre-
dicted (reproduced) within a few tens of meters (within
a few million years), i.e. within error. The relatively
poorer fit of the timing of rifting for the well in the Es-
pirito Santo Basin suggests that either the assumptions
of constant paleobathymetry and seismic extrapolation
to basement (Chang et al., 1992) and/or the plate re-
construction (Heine et al., 2013) should be adjusted for
this basin. In comparison, results for case TC4 (Supple-
mentary Fig. 7) suggest that stretching initiates too late
along the whole margin in the reconstruction of Torsvik
et al. (2009).

The dotted lines in Fig. 8A-D and Supplementary
Fig. 7 show the difference between total model topog-
raphy and dynamic topography. Even though the am-
plitude of isostatic topography (∼ 4-5 km) is one order
of magnitude larger than that of dynamic topography
(. 700 m), the agreement between model and data is
much better when dynamic topography is considered.
This suggests that jointly modelling shear of the litho-
sphere and mantle flow may be appropriate to model
the large scale lithospheric evolution of passive margins,
despite the complexity of the structure of the thinned
crust (e.g. Unternehr et al., 2010). In this respect, it
is worth noting that even in the Basin and Range, for
which the simple-shear stretching model was formu-
lated (Wernicke, 1985), the lithosphere appears to ex-
tend symmetrically (Lekic et al., 2011).

The three wells in the east Brazil rift system show an
acceleration of subsidence that starts earlier and is more
pronounced in the north (< 900 m of subsidence since
∼ 65 Ma) than in the south (∼ 500 m of subsidence since
∼ 50 Ma). The dynamic subsidence of ∼ 400-700 m
since 80 Ma predicted for these wells by case HC1 (grey
lines in Fig. 8A-D) suggests that this acceleration of
subsidence could be due to the evolution of dynamic
topography. Similarly, the regional Late Cretaceous un-
conformity in the North Falkland Basin (Jones et al.,

9



2004, Fig. 8D) coincides with ∼ 170 m of dynamic up-
lift predicted by case HC1 between 80 and 50 Ma. The
agreement between model and data for the east Brazil
and North Falkland wells since 80 Ma illustrates the
contribution of mantle flow to tectonic subsidence.

4.4.2. Comparison to a thermochronology study
Our model predicts that southern Africa has been up-

lifting since the Cretaceous, consistent with the results
of a recent forward mantle flow model (Zhang et al.,
2012, hereafter referred to as ZZ12). The main differ-
ences between the model presented here and ZZ12 are
the plate reconstructions (see Zhang et al., 2010), the
total dimensional time (450 Ma in ZZ12 and 200 Myr
here), the data assimilation (limited to plate velocities
in ZZ12), and the resolution (∼ 135 km laterally and
∼ 60 km radially in ZZ12, ∼ 50 km and ∼ 45 km here).

As in Zhang et al. (2012), we qualitatively compare
the trends in predicted dynamic topography to the burial
and unroofing history of the eastern Kaapvaal Craton
constrained by inverse modelling of (U-Th)/He ther-
mochronometry (Flowers and Schoene, 2010, Fig. 8E).
Model results for this study are averaged for the whole
Kaapvaal Craton rather than sampled at a point loca-
tion and are consistent with the unroofing of the eastern
Kaapvaal Craton from ∼ 110 Ma (Fig. 8E). The rapid
unroofing of the Kaapvaal Craton is arguably better re-
produced by the model here, predicting a main phase
of dynamic uplift of ∼ 400 m between ∼ 120-80 Ma,
while ZZ12 predicts ∼ 300 m of dynamic uplift between
∼ 130-85 Ma.

Both ZZ12 and our model predict one main period
of uplift for southern Africa, suggesting that processes
other than subduction-driven dynamic topography are
required to explain a second period of accelerated ero-
sion during the Eocene-Oligocene, deduced from ap-
atite fission track studies (e.g. Moore et al., 2009). In
our model, the dynamic uplift of southern Africa from
∼ 130 Ma is due to its relative motion away from the Pa-
cific plates subducting along the western South Ameri-
can margin (Seton et al., 2012, Fig. 6A-C). In contrast,
southern South America has remained over a subduction
zone throughout this period (Fig. 6A-C) and displays
smaller variations in dynamic topography (Fig. 8D).
Note that cases TC5, TC8 and TC9 are difficult to rec-
oncile with the unroofing history as constrained from
thermochronometry (Fig. 8E), emphasising the role of
temperature-dependent viscosity, absent in TC5, and
suggesting that the lower mantle needs to be at least 40
times more viscous than the upper mantle to satisfy this
geological constraint. Although slightly larger than a
previous estimate (lower mantle 10 times more viscous

than the upper mantle, Gurnis et al., 2000), this result is
consistent with early work on the geoid (Ricard et al.,
1993).

5. Conclusion

We developed a model of global mantle flow and
lithospheric deformation to simultaneously investigate
the evolution of post-Jurassic dynamic and isostatic
topography. Comparing model predictions to both
present-day and historical constraints provides insights
on the processes that led to the topographic asymmetry
of the South Atlantic Ocean, and loose constraints on
the properties of the Earth’s mantle. The model predicts
the salient present-day asymmetry of the South Atlantic,
both in the oceanic and continental domains, and model
slabs are a good fit to high-velocity seismic anomalies
in mantle tomography. The agreement between pre-
dicted dynamic topography and residual topography is
not as good for time-dependent forward model than for
instantaneous backward advocated mantle flow mod-
els. This could be improved, while preserving the fit to
other observations, by including thick thermochemical
LLSVPs and active upwellings in future forward man-
tle flow models. Model predictions are also compati-
ble with local geological constraints on the evolution of
the tectonic subsidence along the South American pas-
sive margin and uplift of the South African plateau, as
long as the lower mantle is at least 40 times more vis-
cous than the upper mantle. Larger-scale compilations
of geological data on the Phanerozoic vertical motion of
Africa and South America would further constrain man-
tle properties. We suggest that the topographic asymme-
try of the South Atlantic could be due to a whole mantle
process (long-wavelength dynamic topography) rather
than to asthenospheric processes (Morgan and Smith,
1992; Doglioni et al., 2003), and we attribute part of
the uplift of southern Africa to its motion away from
the dynamic topography low along the South American
subduction zone. This should be taken into account in
future studies attempting to constrain the nature and the
buoyancy of the African LLSVP from observations.
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Table 1: Generic model parameters. Subscript “0” indicates reference values.
Parameter Symbol Value Units
Rayleigh number Ra 7.8×108 -
Thermal expansion coefficient α0 3×10−5 K−1

Density ρ0 4000 kg m−3

Gravity acceleration g0 9.81 m s−2

Temperature change ∆T 1912 or 2412 K
Mantle thickness hM 2867 km
Thermal diffusivity κ0 1×10−6 m2 s−1

Viscosity η0 1×1021 Pa s
Chemical density (Archean lithosphere) δρcharch -1.74 %
Chemical density (Proterozoic lithosphere) δρchprot -1.52 %
Chemical density (Phanerozoic lithosphere) δρchphan -1.37 %
Earth radius R0 6371 km
Activation energy (upper mantle) EηUM 100 kJ mol−1

Activation energy (lower mantle) EηLM 33 kJ mol−1

Activation temperature Tη 452 K
Compositional viscosity pre-factor ηC 100 -
Background mantle temperature Tb 1685 K

Table 2: Case-specific parameters
Input Output

Case a η0(r) b Tcmb [K] η(T ) Γ zi
slab [km] δρchcc δρchcmb ∆HK−SF [m] c

TC1 1,1,1,1,100 2185 Y N 1750 -7.97 % N 750 ± 408
TC1R 1,1,1,1,100 2185 Y N 1750 -8.63 % N 783 ± 400
TC2 1,1,1,1,75 2185 Y N 1750 -7.97 % N 703 ± 398
TC3 1,1,1,1,50 2185 Y N 1750 -7.97 % N 647 ± 407
TC4 1,1,1,5,50 2185 Y N 1750 -7.97 % N 487 ± 406
TC5 1,1,1,1,50 2185 N N 1750 -7.97 % N 545 ± 440
TC6 1,1,1,1,100 2185 Y Y 1750 -7.97 % N 633 ± 405
TC7 1,1,1,1,10→ 100 2185 Y N 1750 -7.97 % N 570 ± 421
TC8 1,1,1,1,10→ 50 2185 Y N 1750 -7.97 % N 477 ± 452
TC9 1,1,1,1,10→ 30 2185 Y N 1750 -7.97 % N 418 ± 458
HC1 1,1,1,1,100 2185 Y N 1750 -7.97 % N 691 ± 414
HC2 1,1,1,1,40 2185 Y N 1750 -7.97 % N 600 ± 426
HH1 1,1,1,1,100 2685 Y N 1750 -7.97 % + 3.6 % 429 ± 438
HH1R 1,1,1,1,100 2685 Y N 1750 -8.63 % + 3.6 % 589 ± 341
HH2 1,1,1,1,100 2685 Y N 1210 -7.97 % + 3.6 % 492 ± 422
HH3 1,0.1,1,1,100 2685 Y N 1750 -7.97 % + 3.6 % 672 ± 368

a Txx indicates cases based on the South Atlantic reconstruction of Torsvik et al. (2009), Hxx based on that of Heine et al. (2013),
xCx “cold” CMB, xHx “hot” CMB and xxxR cases restarted at 150 Ma

b Values of the pre-factor in Eq. 8 for mantle above 160 km, between 160-310 km, between 310-410 km, below 410 km, and below
670 km. The “→” symbol indicates that the viscosity linearly increases with depth between the two listed values.

c Elevation difference between the Kaapvaal and São Francisco cratons. For ETOPO1 (Amante and Eakins, 2009), ∆HK−SF =

406 ± 455 m.
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Figure 1: (Previous page) Data assimilated and initial conditions for case HH1. A. Plate velocities, age of the ocean
floor and tectonothermal age of the continents, the latter simplified from Artemieva (2006). The colour palette refers
to oceanic ages. Continents of Archean age are pink, Proterozoic yellow, Phanerozoic cyan and inferred continental
material in dark blue. Mid-ocean ridges and transform faults are shown in red, subduction zones in black with triangles
on the overriding plate, and present-day coastlines in grey. Mollweide projection. B. Initial non-dimensional temperature
at 109 km depth for western Pangea. Albers projection with two standard parallels at 14◦S and 37◦S. C. Whole mantle
cross-section at 22◦S (dashed black line in B and D) of the initial mantle temperature. Left axis shows depth in km
and right axis non-dimensional radius. D. Initial composition at 109 km depth. E. Upper mantle cross section at 22◦S
showing the vertical distribution of the four compositionally distinct tracer types. F. Initial topography at 22◦S, air-loaded
in the continents and water-loaded in the oceans. The continent is isostatically flat but dynamically tilted towards the
trench.
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Figure 2: Present-day horizontal-average temperature profiles obtained for each case (A), and resulting temperature-
dependence of viscosity (B). See Table 2 for case-specific parameters. The dashed grey line is the upper-lower mantle
boundary.





Figure 3: (Previous page) South Atlantic reconstructions with deforming plate boundary zones. Reconstructed present-
day coastlines are shown in black, plate boundaries are coloured according to plate identities, and deforming meshes are
coloured according to the second invariant of the incremental strain rate, with darker reds showing faster deformation
(Gurnis et al., 2013). The reconstruction of Torsvik et al. (2009) is shown on the left and that of Heine et al. (2013) on
the right at 150 Ma (A and D), 130 Ma (B and E) and 110 Ma (C and F). Robinson projection with graticules 15 degrees
apart. The velocity field with Africa fixed and the CitcomS mesh (yellow dots) are shown for the white area in B at
131 Ma (G) and 126 Ma (H).
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Figure 4: (Previous page) Predicted present-day temperature and viscosity. A. Predicted present-day temperature at
109 km depth for case HH1. The blue polygons show areas that have undergone deformation in which there is no
assimilation and other lines are as in Fig. 1. Albers projection with two standard parallels at 26◦S and 12◦N. B. Whole-
mantle cross-section through a S-wave tomography model (Grand, 2002) along South Atlantic flowline at 45◦S (see A),
with contours of mantle 10% colder than ambient overlain for cases TC1, TC4, TC5, TC8, TC9, HC2, HH1 and HH3
(colour coding as in Fig. 2). C-D. Model viscosity for cases HH1 (C) and TC8 (D) with dashed-white contours of mantle
10% hotter than ambient.
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Figure 6: (Previous page) Predicted evolution of air-loaded dynamic topography (left) and total topography (right, air-
loaded continents and water-loaded oceans) for case HH1 at 130 Ma (A and D), 111 Ma (B and E) and present-day (C
and F). See Supplementary Animation for the dynamic topography in 10 Myr increments since 150 Ma. Projection and
lines as in Fig. 4 A. The coloured stars are boreholes for which tectonic subsidence is available (Fig. 8). The outline of
the Kaapvaal Craton (Artemieva, 2006) is shown in yellow, and that of the Sao Francisco Craton in green (F). Southern
part of the transects along which residual topography is estimated (Winterbourne et al., 2009, Fig. 10) are shown as
dashed green lines over thick white lines in C; see Fig. 2 of Winterbourne et al. (2009) for full extent of these transects.
In F, the dotted black line is a South Atlantic flowline at 45◦S for oceanic ages < 83.6 Ma (start of Cretaceous normal
superchron), and the dashed black outlines are the approximate, minimum extent of the Brazilian and southern African
plateaus.
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transect considered by Morgan and Smith (1992). The topography was smoothed using a Gaussian filter of wavelength
100 km.



Age [Ma]

R
el

at
iv

e 
te

ct
on

ic
 s

ub
si

de
nc

e 
[k

m
]

Age [Ma] Age [Ma]

050100

-500

-250

0

250

500

R
el

at
iv

e 
dy

na
m

ic
 to

po
gr

ap
hy

 [m
]

0
1
2
3
4
5Bu

ria
l d

ep
th

 [k
m

]

E. Kaapvaal

A. Bahia

0

1

2

3

4

050100150

B. Espirito

0

1

2

3

4

050100150

C. Santos

0

1

2

3

4

050100150

D. Falkland

0

1

2

3

4

050100150

Figure 8: A-D. Comparison between observed (solid coloured dotted lines) and predicted (case HC1, dashed black
lines) tectonic subsidence for four South Atlantic boreholes (see coloured stars in Fig. 6). The contribution of dynamic
topography (e.g. Fig. 6A-C) is shown as grey lines, and the difference between total topography and dynamic topography
is shown as black dotted lines. E. Predicted evolution of dynamic topography for all cases (colour coding as in Fig. 2)
and for the model of Zhang et al. (2012, dashed thick blue line), and uplift history of the Kaapvaal as constrained from
thermochronological data and models (thick white line and grey field) as in Zhang et al. (2012).



Supplementary material for

Topographic asymmetry of the South Atlantic from

global models of mantle flow and lithospheric stretching

Flament et al.

Earth and Planetary Science Letters

1. Kinematic models for deforming regions

The methodology for building deforming regions into global plate recon-

structions builds on the continuously closing plates framework described by

Gurnis et al. (2012). Plates are defined within the open-source software

GPlates (Boyden et al., 2011) by building polygons from a series of lines

defining plate boundaries. The lines can move independently, so that the

geometry of plate polygons continually change as a function of reconstruc-

tion time. Within this original framework, plate velocities within each plate

polygons were based on the stage rotation of that plate (i.e. plates were

considered internally ‘rigid’, but with crust being accreted or destroyed at

the plate boundaries).

The kinematic models used in this paper use an adaptation of the continu-

ously closing plates methodology to allow deformation within certain regions.

Similar to the original continuously closing plates concept, the boundaries of

deforming regions are built within GPlates from a series of lines and points.

These lines and points have their own motion history such that the deforming

regions can change geometry over time. However, within deforming regions,

the plate velocities are not calculated from a single stage pole - instead, they
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are derived by interpolation of velocities from points on the boundaries of

the deforming regions, as well as additional constraints within the deforming

zones (lines, points or smaller ‘rigid’ polygons) whose motion is constrained

by geological observation. Figs. 1 and 2 show the regions of deformation

within our model - the methodology used to delineate the extent of these

regions is also discussed in Section 2.4 of the main text.

For example, our models incorporate a representation of deformation

within the Andes from 45 Ma to present day. The kinematic model, covering

the area shown by the green hatching in Figs. 1 and 2, is based on the study

of Arriagada et al. (2008), who derived 2D map restorations of the central

Andes using a combination tectonic shortening estimates and paleomagnetic

rotations. In our reconstructions, a series of points within individual motion

histories are defined both along the Andean margin and within the region of

Andean crustal shortening, providing a representation both of crustal short-

ening and the changing geometry of the Andean convergent margin.

A different approach is required for conjugate passive margins. For these

regions, we use a method similar to that described by Srivastava and Verhoef

(1992). To construct kinematic models of margin extension and breakup that

remain topologically correct for all reconstruction times, we first define the

extent of extended continental crust within each margin. We start with a

set of continent-ocean boundaries (COBs) on the conjugate margins and a

series of finite rotations that describes the relative motion between the plate-

pair (for example, rotations between South America and Southern Africa)

beginning from the onset of rifting. Given this information, we can create a

set of vertices on the conjugate COB lines that map onto each other during

2



the reconstruction. Each vertex on each COB has an individual motion

history. The motion history is derived from the combination of geometries

and finite rotations, so that topological correctness is preserved at all times.

For times when ‘rigid’ COBs would imply overlap between the conjugate

margins, COB points move along small circle paths defined by the stage pole

of the rigid plate pair. The magnitude of the motion is calculated to preserve

the present-day ratio of the widths of the conjugate margins. Following this

method, we can derive a kinematic model that describes progressive breakup

and onset of seafloor spreading. For example, Figs. 3C and F (main text)

show a stage in the South Atlantic where breakup has already occurred in

the southern South Atlantic (so plate velocities here are consistent with the

stage pole for South America), while extension continues in the Equatorial

Atlantic and plate velocities within the deforming regions are derived by

linear interpolation from the surrounding constraints.

Definition of deforming regions is more straightforward for regions within

Africa and South America where rifting did not proceed to breakup. In

both the models tested here the African continent comprises rigid blocks

separated by regions of deformation that correspond to fairly well known rift

basins which formed contemporaneously with South Atlantic opening (see

Torsvik et al., 2009 and Heine et al., 2013 for further discussion). Cretaceous

deformation within South America in both models is confined to the southern

part of the continent. In the case of the Torsvik et al. (2009) model, the

extent of the areas affected by extension and oblique transtension between

the Colorado, Paraná and Amazonia blocks is not explicitly illustrated, and

additional data to define the extent of these basins is lacking. We have

3



defined regions ∼ 150 km wide to accommodate this deformation.

2. Model equilibrium

To assess the state of the model from the initial condition at 200 Ma,

we follow the evolution of average CMB heat flux and minimum dynamic

topography. These two quantities are expected to be initially furthest away

from equilibrium because the temperature field is synthetic with imposed

subduction zones that correspond to dynamic topography lows.

2.1. Average core-mantle boundary heat flux

Fig. 3 shows that CMB heat flux is initially not in equilibrium for all

cases. A thermal boundary layer was not included in the initial condition

for cold cases, for which CMB heat flux initially increases sharply between

200-190 Ma. CMB heat flux then steadily decreases, and increases again as

cold material reaches the CMB. This arrival occurs sooner in less viscous

cases (see coloured tick marks on Fig. 3), and it precedes the minimum

value of CMB heat flux by ∼ 10-25 Myr. This minimum is reached later in

the model run (∼ 100 Ma) for the more viscous cases, and earlier (between

∼ 165-150 Ma) for the less viscous cases. Hot cases reach a minimum CMB

heat flux by 150 Ma, following an initial decrease. For case HH2, the CMB

heat flux does not increase again, which could indicate that the amount of

cold material initially inserted in the lower mantle for this case is closer to

dynamic equilibrium for the assumed Rayleigh number. For low-viscosity

cases, the CMB heat flux appears to oscillate around equilibrium from the

first minimum, with a period & 160 Myr. However, high-viscosity cases

show little CMB heat flux variation in the last 50 Myr. Taking the dynamic
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thermal equilibrium as the half-amplitude of the oscillations, and assuming

these would carry on beyond present-day for all cases, hot (cold) cases have

been within ∼ 8% (∼ 15%) of equilibrium since CMB heat flux reached a

minimum.

2.2. Minimum dynamic topography

Fig. 4 shows that all cold cases and case HH1 are initially not in equi-

librium for minimum surface dynamic topography that generally decreases

between 200-180 Ma, then increases between 180-140 Ma and then plateaus,

indicating that equilibrium has been reached, to the exception of case TC5

(temperature-independent viscosity) that does not reach equilibrium until

∼ 70 Ma. Case HH2 (shallower slabs in the initial condition) and case HH3

(low-viscosity asthenosphere) are initially closer to equilibrium for minimum

dynamic topography and show less pronounced re-adjustments towards equi-

librium.
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Figure 1: Total horizontal gradient of the 20 km upward continued Bouguer gravity. The

landward limit of extended crust is defined to lie along the landward edge of large horizontal

gradients. Regions within the orange hatched areas (here shown for the kinematic model

of Heine et al., 2013) underwent deformation during Cretaceous South Atlantic opening.

Green hatched region shows the extent of Cenozoic shortening in the Andes (adapted from

Arriagada et al., 2008). Blue dots show extent of bona fide oceanic crust interpreted from

seismic profiles by Winterbourne et al. (2009).
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Figure 2: Offshore, the sediment thickness (Divins, 2003) is shown as shades of red, and

the texture is derived from the gradient of free-air gravity anomalies based on satellite

altimetry (Sandwell and Smith, 2009). Onshore, the surface geology (simplified from

Bouysse and Palfreyman, 2000) is shown as shades of grey, with the light grey representing

Paleozoic units and darker greys representing Proterozoic and Archean units. Deforming

areas and bona fide oceanic crust are shown as in Supplementary Fig. 1.
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Figure 3: Evolution of average core-mantle-boundary heat flux for all cases. The tick

marks at the top, coloured by model, indicate the first occurrence of cold material at

∼ 2810 km depth, detected visually.
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Figure 4: Evolution of minimum dynamic topography for all cases. The grey vertical line

at 150 Ma indicates the age from which dynamic topography results are presented.
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Figure 5: As Fig. 4B of the main text, for tomography A. S -wave model S20RTS (Ritsema

et al., 1999), B. S -wave model GyPSuM (Simmons et al., 2010) and C. P -wave model of

Montelli et al. (2006).
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Figure 6: As Fig. 7A-C of the main text, for all modelled cases.
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Figure 7: As Fig. 8A-D of the main text, for case TC4. The North Falkland basin is

south of the deforming zone based on the reconstruction of Torsvik et al. (2009), therefore

stretching is not predicted at that location.
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